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Mo-modified  Co-Pd-B  (Co-Mo-Pd-B)  and  Pd-modified  Co-B  (Co-Pd-B)  catalyst  powders  are  synthe¬ 
sized  by  chemical  reduction  of  cobalt  and  molybdenum  salt  at  ambient  conditions.  The  resulting  catalyst 
powders  are  characterized  by  scanning  electron  microscopy  (SEM),  X-ray  powder  diffraction  (XRD),  X- 
photoelectron  spectroscopy  (XPS)  and  BET  surface  area  measurement.  The  study  on  the  catalytic  efficiency 
of  amorphous  Co-Mo-Pd-B  catalyst  powders  is  performed  in  hydrogen  generation  by  hydrolysis  of  alka¬ 
line  sodium  borohydride  (NaBH4 ).  The  Co-Mo-Pd-B  powders  show  the  highest  hydrogen  generation  rate 
as  compared  to  Co-B,  Co-Mo-B,  and  Co-Pd-B  catalyst  powders.  Kinetic  studies  on  the  hydrolysis  reac¬ 
tion  of  NaBH4  with  Co-Mo-Pd-B  catalyst  reveal  that  the  concentrations  of  both  NaBH4  and  NaOH  have 
essentially  no  evident  effects  on  hydrogen  generation  rate.  The  promoting  effect  of  Mo  in  Co-Mo-Pd-B 
catalyst  results  in  lower  activation  energy  for  hydrogen  production,  which  is  36.36  kj  mol-1  compared  to 
64.87  kj  mol-1  obtained  with  pure  Co-B  powder. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  known  that  hydrogen  is  an  almost  zero  discharge  kind  of 
clean  energy.  The  chemical  energy  of  hydrogen  can  be  directly 
changed  into  electric  energy,  producing  only  water  as  a  byprod¬ 
uct,  when  hydrogen  gas  is  used  in  proton  exchange  membrane  fuel 
cells  (PEMFC)  or  other  kind  of  energy  equipment  [1,2].  Therefore, 
the  development  of  an  effective  and  safe  medium  for  hydrogen  stor¬ 
age  and  generation  is  in  favor  of  the  commercialization  of  PEMFC 
or  other  fuel  cell-based  portable  devices.  In  recent  years,  chemical 
hydride  (NaBH4,  LiBH4,  NaH,  KBH4,  etc.),  as  one  of  the  most  prospec¬ 
tive  hydrogen  storage  materials  at  room  temperature,  receives  the 
most  extensive  attention,  especially  sodium  borohydride  (NaBH4) 

[3] .  With  hydrogen  storage  capability  of  10.8wt.%,  NaBH4  is  non¬ 
flammable,  non-toxic  in  nature  and  stable  in  alkaline  solution.  Its 
hydrolysis  reaction  may  be  represented  by  the  following  equation 

[4] : 

NaBH4  +  2H20ca^stNaB02  +  4H2  +  Heat  (21 7  kj)  (1 ) 

In  past  few  years,  many  researchers  devoted  themselves  to 
researches  of  catalyst  for  hydrolysis  of  sodium  borohydride.  They 
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found  that  hydrolysis  reaction  rate  of  NaBH4  alkaline  solution 
can  be  effectively  increased  by  using  solid  state  catalysts  such  as 
precious  metals  [5-7].  Noble  catalysts  such  as  Pt,  Pd,  and  PtRu 
supported  on  C  [5,8],  LiCo02  [7,9],  Ru  supported  on  graphite  [10], 
Rh/Al203  and  Rh/Ti02  [11]  have  been  utilized  in  order  to  improve 
the  hydrogen  production  rate.  Unfortunately,  these  precious  cata¬ 
lysts  have  no  viability  for  industrial  application  considering  their 
cost  and  scarcity.  Cheaper  candidates  in  form  of  transition  metals 
such  as  cobalt  boride  (Co-B)  catalyst  [12-14]  have  been  used  to 
accelerate  the  hydrolysis  reaction  of  NaBH4.  Co-B  catalyst  material 
can  be  easily  synthesized  by  simple  chemical  processes  [13].  How¬ 
ever,  the  exothermic  nature  of  this  reaction  causes  Co-B  particles 
to  agglomerate  due  to  a  high  surface  energy  involved  [15].  This 
agglomeration  of  particles  decreases  the  effective  surface  area  of 
the  catalyst  powder  thus  limiting  the  catalytic  activity.  To  minimize 
agglomeration,  Co-B  was  deposited  on  different  support  materials 
with  specific  surface  features  such  as  Ni  foam  [16],  carbon  nano¬ 
tubes  [17],  the  modified  activated  carbon  [18],  and  attapulgite  clay 
[19].  Mesoporous  and  hollow  sphere  Co-B  catalysts  were  also  syn¬ 
thesized  by  Tong  et  al.  [20]  and  Maet  al.  [21],  respectively.  The  final 
surface  area  of  these  catalyst  powders  is  much  higher  than  that  of 
the  “normal”  Co-B  catalyst.  On  the  other  hand,  Patel  et  al.  used 
another  efficient  route  to  avoid  agglomeration  of  Co-B  particles 
by  introducing  atomic  barrier  with  transition  metals  including  Cr, 
Mo,  and  W  [15,22].  Previous  reports  showed  that  transition  metal- 
doped  Co-B  alloy  catalysts  in  form  of  Co-Cr-B  [15],  Co-Ni-B  [23], 
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Co-Cu-B  [24],  Co-Ni-P-B  [25]  and  Co-M-B/Ni  foam  (M  =  Mo,  W) 
[26,27]  exhibit  superior  catalytic  activity  in  hydrogen  production 
by  hydrolysis  of  NaBH4.  As  compared  to  that  of  Co-B,  a  several-fold 
increment  of  surface  area  was  found  for  Co-M-B  (M  =  Ni,  Fe,  Cu,  Cr, 
Mo,  and  W),  in  which  these  promoter  metals  were  in  the  form  of 
oxide  [15,28].  Consequently,  the  addition  of  transition  metal  greatly 
improved  the  performance  of  Co-B  catalyst.  In  addition,  Liang  et  al. 

[29]  found  that  Co-B  catalyst  was  more  easily  supported  on  nickel 
foam  substrate  modified  with  a  small  amount  of  the  noble  metal 
Pd.  The  doping  of  Pd  significantly  enhanced  the  performance  and 
stability  of  Co-B/Pd  for  hydrolysis  reaction  of  NaBH4  during  the 
long-term  operation. 

In  this  work,  the  catalytic  activity  of  Co-Pd-B  catalyst  powders 
was  enhanced  tremendously  by  introducing  the  noble  metal  Pd  in 
Co-B,  as  compared  to  pure  Co-B.  In  these  catalysts  only  a  mini¬ 
mal  amount  for  Pd  is  used  and  it  greatly  improves  the  catalytic 
performance  of  Co-B  towards  the  hydrolysis  reaction  of  NaBH4, 
therefore  the  cost  for  this  Co-Pd-B  catalyst  is  greatly  reduced, 
compared  to  those  noble-metal-only  catalysts  such  as  Ru/IR-120 

[30] ,  Ru  (0)  nanoclusters  [6],  Pt-Pd  [31],  and  Rh  [11].  Further,  the 
Co-Pd-B  catalyst  is  modified  by  addition  of  the  transition  metal 
molybdenum  (Mo)  and  the  hydrogen  generation  rate  on  this  Mo- 
modified  Co-Pd-B  catalyst,  Co-Mo-Pd-B,  is  much  higher  than  that 
of  Co-Pd-B  catalyst  by  itself.  Hence,  through  the  combination  of 
the  superiority  of  the  noble  metal  Pd  with  the  less  expensive 
transition  metal  Mo  to  the  Co-B  alloy  catalysts,  the  purpose  of 
reducing  cost  and  meanwhile  significantly  improving  efficiency 
of  the  catalysts  was  achieved.  The  Mo-modified  Co-Pd-B  catalyst 
powders  (Co-Mo-Pd-B)  was  synthesized  by  chemical  reduction 
method,  and  the  particle  size  was  controlled  by  adding  surfactant 
at  the  same  time.  The  hydrogen  production  process  through  cat¬ 
alytic  hydrolysis  of  NaBH4  was  investigated  in  the  presence  of  the 
Co-Mo-Pd-B  catalyst.  The  Co-Mo-Pd-B  powders  exhibit  superior 
catalytic  activity,  as  compared  to  pure  Co-B  and  Co-Pd-B  powders, 
owing  to  their  high  surface  area  and  facilitation  of  doped  Pd  and  Mo. 
An  enhanced  catalytic  activity  of  the  prepared  catalyst  for  hydrol¬ 
ysis  of  alkaline  NaBH4  solution  further  suggested  the  promising 
applications  in  PEMFC. 

2.  Experimental 

The  Co-Mo-Pd-B  powder  catalyst  was  synthesized  by  chemical 
reduction  method.  Sodium  borohydride  (NaBH4,  300  mg  in  lOmL 
water),  as  a  reducing  agent,  was  added  into  an  aqueous  solution 
containing  cobalt  salt  (CoC12-6H20,  0.2038  g),  molybdenum  salt 
(Na2Mo04,  25  mM)  and  trisodium  citrate  (20  mM)  under  vigorous 
stirring.  An  excess  amount  of  borohydride  was  used  so  that  the 
reaction  was  absolutely  complete,  and  a  black  turbid  liquid  was 
observed.  Then  H2PdCl4  (10  mM)  was  added  into  the  black  solu¬ 
tion  under  vigorous  stirring  and  the  solution  was  continuously 
stirred  for  two  hours.  An  extra  amount  of  borohydride  (50  mg  in 
5  mL  water)  was  added  and  the  mixture  was  continuously  stirred 
for  two  hours  again.  The  black  powder  was  separated  from  the 
solution  by  filtration  and  then  washed  extensively  with  distilled 
water  and  ethanol  before  being  dried  overnight  in  oven  at  323  K. 
The  molar  ratio  of  Mo/(Mo  +  Co)  (atom  %)  (xmo)  was  adjusted  in  the 
final  Co-Mo-Pd-B  catalyst  powder  by  varying  the  molar  concen¬ 
tration  of  Na2Mo04  in  the  aqueous  solution.  To  make  experiments 
comparable,  the  Co-B  and  Co-Pd-B  powders  were  prepared  with 
the  same  procedure  as  the  Co-Mo-Pd-B  catalyst  in  the  absence  of 
molybdenum  salt,  respectively. 

The  surface  morphology  and  the  composition  of  all  the  cata¬ 
lyst  powders  were  studied  by  SEM  (FEI  Quanta  200  FEG,  Holland) 
equipped  with  energy-dispersive  spectroscopy  analysis  (EDS). 
Structural  characterization  of  the  catalyst  powders  was  performed 
using  X-ray  powder  diffraction  (XRD)  on  a  Rigaku  D/max  2500  v/pc 


Fig.  1.  Hydrogen  generated  volume  as  a  function  of  reaction  time  obtained  by 
hydrolysis  of  alkaline  NaBH4  (150mM)  with  Co-B,  Co-Mo-B  (xmo  =  5%),  Co-Pd-B 
(Xpd  =  5%)  and  Co-Mo-Pd-B  (/Mo  =  17%,  Xpd  =  5%)  catalyst  powders.  Inset  shows  the 
real-time  H2  generation  rate  of  different  catalysts  treated  at  the  same  condition. 

diffractometer  (Japan)  with  filtered  Cu  Ka  radiation.  Surface  elec¬ 
tronic  states  and  the  related  atomic  composition  of  the  catalysts 
were  established  using  X-ray  photoelectron  spectroscopy  (XPS, 
JPS-9010TR)  with  Mg  Ka  radiation.  The  BET  surface  area  of  the 
powder  catalysts  was  determined  by  nitrogen  absorption  at  77  K 
(Micromeritics  ASAP  2010)  after  degassing. 

An  alkaline-stabilized  solution  of  sodium  borohydride  (0.1 50  M) 
was  prepared  by  the  addition  of  NaOH  (5  wt.%)  for  catalytic  activity 
measurements.  A  detailed  description  of  the  measurement  appa¬ 
ratus  was  reported  in  Ref.  [17],  and  a  gas  volumetric  method  used 
for  the  measurement  of  the  generated  hydrogen  quantity  is  simi¬ 
lar  to  that  reported  in  Ref.  [17].  By  weight  of  displaced  water  and 
gas  pressure,  the  amount  of  hydrogen  produced  is  quantified.  In 
all  measurement  cycles,  the  catalyst  was  settled  on  the  appropri¬ 
ate  device,  in  which  the  reaction  chamber  was  sealed.  A  certain 
amount  of  catalyst  powder  ( 1 0  mg)  was  added  to  50  mL  of  the  above 
alkaline  NaBH4  solution  at  298 1<  under  continuous  stirring.  Each 
measurement  was  repeated  at  least  3  times. 

Different  experimental  parameters  such  as  solution  tempera¬ 
ture,  starting  concentration  of  NaOH  and  NaBH4  were  varied  for 
kinetic  study  on  NaBH4  hydrolysis  using  Co-Mo-Pd-B  catalysts. 
The  activation  energy  involved  in  the  catalytic  hydrolysis  reac¬ 
tion  was  determined  by  measuring  H2  generation  rate  at  different 
solution  temperatures.  Furthermore,  the  corresponding  activity  of 
the  solution  was  investigated  by  varying  concentrations  of  NaOH 
(1-7  wt.%)  and  NaBH4  (0.050-0.200  M),  in  which  one  parameter 
was  changed  while  other  parameter  was  kept  constant.  The  spe¬ 
cific  hydrogen  generation  rate  (mLmin-1  g-1  catalyst)  was  used  to 
compare  the  activities  of  the  catalysts. 

3.  Results  and  discussion 

Hydrogen  generated  volume  was  measured  as  a  function  of 
time  during  the  hydrolysis  of  alkaline  NaBH4  (0.1 50  M)  solution 
in  the  presence  of  different  catalyst  powders  at  298  K  (Fig.  1). 
The  Co-Mo-Pd-B  catalyst  shows  the  highest  catalytic  activity  for 
hydrogen  generation  as  compared  to  that  of  Co-B,  Co-Mo-B,  and 
Co-Pd-B  catalyst,  under  the  same  amount  (10  mg)  of  the  catalyst. 
A  numerical  procedure,  described  elsewhere  [32],  was  utilized  to 
obtain  the  maximum  value  of  the  hydrogen  generation  rate  (Rmax) 
for  all  the  catalyst  powders.  The  Rmax  obtained  with  Co-Mo-Pd-B 
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Table  1 

Comparison  of  max.  hydrogen  generation  (HG)  rates  on  various  catalysts. 


Catalyst 

Initial  solution  temperature 
for  max.  HG  (°C) 

NaBH4  concentration 

NaOH  concentration 

Maximum  HG  rate 
(mLmin_1g_1  catalyst) 

Reference 

Co-B/C 

25 

0.2  M 

2  M 

-2073 

[45] 

Co-Cu-B 

20 

7  wt.% 

7  wt.% 

-2120 

[24] 

Co-Cr-B 

25 

0.025  M 

0.1  M 

-3400 

[15] 

Co-Mo-B 

25 

0.025  M 

0.1  M 

-2875 

[22] 

Co-W-B 

25 

0.025  M 

0.1  M 

-2570 

[22] 

Co-B 

25 

0.025  M 

0.1  M 

-850 

[22] 

Co-Ni-B 

25 

0.025  M 

0.1  M 

-1175 

[23] 

Co-B/MWCNTs 

30 

20  wt.% 

3  wt.% 

-5100 

[17] 

Ru/C  (graphite) 

30 

10  wt.% 

5  wt.% 

-32,300 

[10] 

PtRu-LiCo02 

25 

5  wt.% 

5  wt.% 

-2400 

[7] 

Ni-Ru/50WX8 

35 

10  wt.% 

5  wt.% 

-400 

[46] 

Co-B/Pd 

30 

20  wt.% 

4  wt.% 

-2875 

[29] 

Co-Pd-B 

25 

0.150  M 

5  wt.% 

-2920 

This  work 

Co-Mo-Pd-B 

25 

0.150  M 

5  wt.% 

-6023 

This  work 

(Xmo  =  17%,  XPd  =  5%)  is  ~6023  mL min-1  g-1 ,  which  is  twice  as 
much  as  with  Co-Pd-B  (~2920mLmirr1  g-1)  and  seven  folds 
higher  than  that  with  pure  Co-B  (~850mLmin-1  g-1).  The  result 
clearly  indicates  that  addition  of  Mo  to  the  Co-Pd-B  catalyst  sig¬ 
nificantly  enhance  the  catalytic  activity.  The  comparison  of  Rmax  of 
the  Co-Mo-Pd-B  catalyst  as  well  as  those  of  other  catalysts  was 
given  in  Table  1. 

Fig.  2  presents  the  effect  of  Mo  concentration  on  catalytic  activ¬ 
ity  which  were  studied  by  varying  the  percentage  of  Mo/(Mo  +  Co) 
molar  ratio  (xmo)  from  1%  to  25%  in  the  Co-Mo-Pd-B  (Xpd  =  5%) 
powder  catalyst.  The  inset  of  Fig.  2  shows  the  plot  of  Rmax  as  a 
function  of  xmo-  The  promoting  effect  of  Mo  on  catalytic  activity  is 
so  evident  that  even  a  small  amount  of  doping  (xmo  =  ~1%)  is  able 
to  double  the  activity  of  Co-Pd-B  catalyst.  The  H2  generation  rate 
increases  with  Mo  concentration  and  reaches  the  maximum  when 
Xmo  is  about  17%.  With  further  increase  of  xmo,  the  activity  of  the 
powder  decreases. 

The  BET  surface  areas  of  the  Co-Pd-B  and  Co-Mo-Pd-B  cata¬ 
lysts,  calculated  by  the  Brunauer-Emmett-Teller  (BET)  equation, 
were  20.3  and  34.7  m2  g-1 ,  respectively.  From  BET  values,  it  can 
be  seen  that  the  addition  of  the  Mo-promoter  enhances  the  BET 


Fig.  2.  Hydrogen  generated  volume  as  a  function  of  reaction  time  obtained  by 
hydrolysis  of  alkaline  NaBH4  (0.150  M)  with  Co-Mo-Pd-B  (xpd  =  5%)  catalyst  with 
different  Mo/(Mo  +  Co)  molar  ratios  ranging  from  1%  to  25%.  Inset  shows  the  max¬ 
imum  H2  generation  rate  (Rm ax)  obtained  with  Co-Mo-Pd-B  catalyst  as  a  function 
of  Xmo- 


surface  area  by  almost  2  times,  due  to  the  limited  particle  agglom¬ 
eration  process  in  Co-Mo-Pd-B  as  compared  to  Co-Pd-B  (see  Fig.  3) 
[15,22].  The  bigger  BET  value  shows  that  the  Co-Mo-Pd-B  cat¬ 
alyst  owns  a  larger  surface  area  than  Co-Pd-B  catalyst.  A  larger 
BET  surface  area  is  beneficial  for  enhancing  the  active  surface  area 
of  Co-Mo-Pd-B.  This  agrees  well  with  the  result  of  Patel  et  al. 
[15,22,24].  The  increase  of  the  active  surface  area  of  catalysts  is 
helpful  to  improve  the  catalytic  activity  of  Co-Mo-Pd-B  toward 
hydrolysis  of  alkaline  NaBFf*  solution  [  1 5,24].  The  consequence  can 
be  confirmed  once  again  in  Fig.  3  as  follow.  Flowever,  large  Mo  dop¬ 
ing  is  harmful  to  the  catalyst’s  activity  because  Mo  would  cover 
most  of  the  active  Co  sites  [15].  Thus  a  well-defined  xmo  value 
is  required  (xmo  =  17%,  Xpd  =  5%  as  shown  in  Fig.  2)  to  attain  the 
best  conditions  for  the  catalytic  activity  of  Co-Mo-Pd-B  catalyst  in 
hydrolysis  reaction  of  alkaline  NaBFf*  solution. 

Fig.  3  presents  the  SEM  images  of  Co-Pd-B  (xpd  =  5%)  and 
Co-Mo-Pd-B  (xmo  =  17%,  XPd  =  5%)  powders.  The  SEM  images  of 
both  catalysts  show  similar  particle-like  morphology  with  size  of 
dozens  of  nanometers.  More  agglomeration  of  the  small  particles 
can  be  seen  in  the  SEM  image  of  Co-Pd-B  catalyst.  The  particle  size 
distribution  in  Co-Mo-Pd-B  catalyst  is  opposite  to  that  of  Co-Pd-B 
catalyst.  The  catalyst  doped  with  Mo  consists  of  much  more  uniform 
particle  with  less  amount  of  agglomeration  and  such  morphology 
is  helpful  to  enhance  the  active  surface  area  of  catalysts  [15].  This 
is  the  result  of  the  introduction  of  Mo  as  an  atomic  barrier  [15].  The 
higher  active  surface  area  of  the  catalysts  is  conducive  to  improved 
catalytic  performance. 

As  can  be  seen  from  the  XRD  diffractogram  (Fig.  4),  the  sam¬ 
ples  present  a  very  low  level  of  crystallinity  [15],  because  there 
is  no  distinct  sharp  peak  observed.  XRD  patterns  of  four  catalyst 
powders  show  a  wide  and  diffuse  peak  centered  at  about  20  =  45°, 
which  is  attributed  to  the  amorphous  state  of  cobalt-metalloid  alloy 
[15,19].  The  assignment  of  the  peaks  leads  to  the  identification  of 
Co2B  phase,  Co,  CoO,  Co304  and  the  possible  presence  of  minor 
phases  as  cobalt  borate  and/or  hydroxide  [33].  This  phenomenon 
may  be  assumed  to  be  surface  Co  combined  with  oxygen  of  atmo¬ 
sphere  during  the  process  of  catalyst  preparation  [33].  Moreover, 
the  broad  peak  at  around  20  =  37°  attributed  to  the  presence  of 
Mo02  is  observed  for  Co-Mo-Pd-B  catalyst  powder,  as  is  resem¬ 
bled  to  that  reported  for  XRD  patterns  of  Mo  in  the  literature  [34]. 
The  diffraction  peaks  of  the  Pd  and  PdO  phases  were  also  shown  at 
2-theta  angles  of  around  43°,  52°,  68°,  75°  and  82°  in  Co-Pd-B  and 
Co-Mo-Pd-B  catalysts  [35]. 

Fig.  5  reports  the  XPS  spectra  of  Co2p  (a),  Bls  (b),  Mo3d  (c), 
and  Pd3d  (d)  electronic  levels  in  fresh  Co-B,  Co-Mo-B  (xmo  =  5%), 
Co-Pd-B  (XPd  =  5%)  and  Co-Mo-Pd-B  (xmo  =  17%,  XPd  =  5%)  cata¬ 
lyst  powders.  The  electronic  state  and  surface  interaction  between 
atoms  in  compounds  was  obtained  in  XPS  spectra  to  understand 
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Fig.  3.  SEM  micrographs  of  Co-Pd-B  (xpd  =  5%)  (a)  and  Co-Mo-Pd-B  (xmo  =  17%, 
Xpd  =  5%)  (b)  catalyst  powders. 


the  promoting  effect  of  Mo  on  the  catalytic  activity  of  Co-Pd-B 
[15].  For  all  catalysts,  it  can  be  seen  that  two  peaks  correspond¬ 
ing  to  the  Co2p3/2  and  Co2pi/2  are  centered  at  approximately  781.6 
and  797.6  eV,  respectively,  which  meet  the  values  of  the  metal¬ 
lic  state  of  Co  [36-38]  and  thus  indicate  that  Co  element  exists  in 
both  elemental  and  oxidized  states  [15].  The  2+  state  related  to 
the  peak  of  the  oxidized  cobalt  is  attributed  to  Co(OH)2  [15,23] 
which  could  have  possibly  been  formed  during  the  catalyst  prepa¬ 
ration.  There  are  different  extents  of  positive  shift  in  the  Co  peaks 
of  these  compound  catalysts  compared  to  the  standard  binding 
energy  (BE)  of  metallic  Co  (778.4  and  781 .6  eV).  In  general,  a  larger 
BE  indicates  the  presence  of  more  oxidized  states  [39,40].  The  XPS 
peaks  are  also  observed  about  at  BE  values  of  191.6  eV,  which  cor¬ 
respond  to  oxidized  Bls  levels  in  Co-B,  Co-Mo-B,  Co-Pd-B,  and 
Co-Mo-Pd-B,  similar  to  that  reported  for  Bis  levels  in  the  literature 
[23].  There  is  an  evident  positive  shift  of  4.4  eV  when  compar¬ 
ing  the  BE  of  pure  boron  (187.1  eV)  [15]  to  that  of  boron  in  the 
catalyst.  This  shift  demonstrates  electron  transfer  from  alloying 
B  to  vacant  d-orbital  of  metallic  Co  [15,28].  As  for  Mo,  the  Mo3d 
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Fig.  4.  XRD  pattern  of  (a)  Co-B,  (b)  Co-Mo-B  (xmo  =  5%),  (c)  Co-Pd-B  (xPd  =  5%)  and 
(d)  Co-Mo-Pd-B  (xmo  =  17%,  Xpd  =  5%)  catalyst  powders. 


spectrum  for  the  Co-Mo-Pd-B  catalyst  exhibits  two  peaks  (232.0 
and  234.2  eV),  which  were  attributed  to  Mo3d5/2  and  Mo 3d3/2  peaks 
of  Mo4+,  Mo6+species  [41,42]  and  thus  ascribed  to  Mo02  and  Mo03 
[22,41,42],  respectively.  This  result  agrees  with  the  XRD  pattern, 
which  describes  that  all  the  Mo  particles  are  at  oxidized  state.  The 
molybdenum  oxide  serves  as  a  kind  of  barrier  among  the  Co-Pd-B 
nanoparticles  resulting  in  smaller  particle  size  with  uniform  dis¬ 
tribution,  thus  averting  agglomeration  due  to  their  high  surface 
energy  [15].  As  a  result,  the  effective  surface  area  increases  sig¬ 
nificantly  in  the  Co-Mo-Pd-B  catalyst.  The  curve  shape  of  Fig.  5(d) 
overlaps  with  peaks  of 336.2  eV  for  the  3d  5/2  BE  of  Pd,  and  341 .6  eV 
for  the  3d3/2  BE  of  Pd,  which  indicates  that  the  valence  state  of  pal¬ 
ladium  is  oxidation  state  according  to  the  BE  of  Pd°  at  335.1  eV 
[43]. 

Fig.  6  presents  the  H2  generated  volume  as  a  function  of  time 
at  different  solution  temperatures  using  alkaline  NaBH4  (0.1 50  M) 
solution.  The  linear  relation  between  temperature  and  hydrogen 
generation  rate  can  generally  be  expressed  with  the  Arrhenius 
equation  [24]: 

In  k  =  In  k0  -  Ea  ■  T  (2) 

According  to  Arrhenius  equation,  the  Arrhenius  plot  of  the 
hydrogen  production  rate  (inset  of  Fig.  6)  gives  an  activa¬ 
tion  energy  value  of  the  catalytic  hydrolysis  process  of  about 
36.36  kj  mol-1,  which  is  lower  than  that  obtained  with  Co-B 
powder  (64.87  kj  mol-1)  [12],  Co-Cu-B  (49.6  kj  mol-1)  [24],  Co-B 
hollow  spheres  (45.5  kj  mol-1)  [21],  Co-P  (48.1  kj  mol-1)  [44], 
Co-B/C  (57.8  kj  mol-1)  [45],  Co-B/MWCNTs  (40.40  kj  mol-1 )  [17], 
and  the  Co-Mo-B/nickel  foam  catalyst  (44.3  kj  mol-1 )  [26]. 
This  value  is  also  lower  than  that  obtained  with  Pt/LiCo02 
(70.4  kj  mol-1)  and  Ru/LiCo02  (68.5  kj  mol-1)  [9],  Ni-Ru/50WX8 
catalyst  (52.73 kj moH)  [46],  Ru/G  (61.10 kjmol-1)  [10],  and  the 
Ru  catalyst  (47  kj  mol-1 )  [4].  The  activation  energy  value  obtained 
in  the  present  case  is  comparable  to  that  obtained  with  Co-Ni-B 
(34 kjmol-1)  [23],  Co-Cr-B  (37 kjmol-1)  [15],  intrazeolite  Co  (0) 
nanoclusters  (36 kjmol-1)  [47],  Co-B/Ni  foam  (33 kjmol-1)  [16], 
Ru  (0)  nanoclusters  (28.51  kjmol-1 )  [6],  and  the  Pd/C  powder 
(28 kjmol-1)  [8].  The  favorable  activation  energy  value  obtained 
in  the  present  work,  which  lead  to  an  improvement  in  catalytic 
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Fig.  5.  X-ray  photoelectron  spectra  of  Co2p3  (a),  Bis  (b),  Mo3d  (c),  and  Pd3d  (d)  levels  for  Co-B,  Co-Mo-B  (xmo  =  5%),  Co-Pd-B  (xPd  =  5%)  and  Co-Mo-Pd-B  (xMo  =  17%,  Xpd  =  5%) 
catalyst  powders. 


hydrolysis  performance,  is  attributed  to  both  the  high  surface  area 
and  the  synergetic  effects  of  Co,  Mo,  and  B  in  the  Co-Mo-Pd-B 
catalyst  [15,25]. 

Fig.  7  shows  the  plot  of  hydrogen  generated  volume  as  a  func¬ 
tion  of  time,  obtained  from  hydrolysis  of  alkaline  NaBH4  solution 
by  using  five  different  NaBH4  concentrations,  namely:  0.05,  0.075, 
0.10,  0.150  and  0.200  M  in  the  starting  solution.  The  concentra¬ 
tion  of  NaOH  and  the  Co-Mo-Pd-B  catalyst  (xmo  =  17%,  Xpd  =  5%) 
was  kept  constant  at  5  wt.%  and  10  mg,  during  the  hydrolysis  reac¬ 
tion,  respectively.  The  result  clearly  indicates  that  there  is  a  slight 
increase  in  the  hydrogen  generation  rate  with  the  increase  of  the 
NaBH4  concentration.  However,  as  shown  in  the  inset  of  Fig.  7,  the 
logarithmic  dependence  of  Rmax  from  NaBH4  concentration  can  be 
fitted  with  a  straight  line  with  a  slope  of  0.18.  The  near-zero  value 
of  the  slope  indicates  the  zero  order  kinetics  of  the  reaction  with 
respect  to  the  NaBH4  concentration  for  the  Co-Mo-Pd-B  catalyst, 
thus  confirming  our  previous  findings.  Similar  zero  order  kinetics 
was  proposed  by  Ozkar  and  Zahmakiran  [6]  (Ru  (0)  nanoclusters), 
Amendola  et  al.  [4]  (Ru  catalyst),  and  Fernandes  et  al.  [  1 5  ]  (Co-Cr-B) 
for  reactions  with  high  NaBH4  concentration. 

According  to  the  hydrolysis  reaction  mechanism  proposed  in 
Ref.  [8],  the  initial  reaction  for  H2  generated  from  the  metal- 
catalyzed  hydrolysis  of  NaBH4  occurs  between  BHJ  ions  and  metal 
sites,  which  implies  that  the  reaction  rate  is  proportional  to  the 
number  of  available  metal  sites  for  the  absorption  of  BH^  ions 


Fig.  6.  Hydrogen  generated  volume  as  a  function  of  reaction  time  by  hydrolysis  of 
alkaline  NaBH4  (0.1 50  M)  solution  with  Co-Mo-Pd-B  (xmo  =  17%,  XPd  =  5%)  catalyst, 
measured  at  five  different  solution  temperatures.  Inset  shows  the  Arrhenius  plot  of 
the  H2  generation  rates. 
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Fig.  7.  Hydrogen  generated  volume  as  a  function  of  reaction  time  with  Co-Mo-Pd-B 
(Xmo  =  1 7%,  XPd  =  5%)  catalyst  obtained  by  hydrolysis  of  alkaline  NaBH4  solution  with 
five  different  concentrations  of  NaBH4  ranging  from  0.050  to  0.200  M.  Inset  shows 
the  plot  of  ln(H2  generation  rate)  vs.  ^(concentration  of  NaBH4). 

in  the  solution.  Fernandes  et  al.  [15]  thought  that  Cr3+  species  in 
surface  of  the  Co-Cr-B  catalyst  powder  could  act  as  Lewis  acid 
sites,  which  were  readily  available  for  the  absorption  of  Lewis  base 
such  as  OH-  ions  during  the  hydrolysis  reaction  of  alkaline  NaBH4. 
Similar  promoting  effect  by  Cr  metal  was  reported  by  Fang  et  al. 
[28]  and  Kukula  et  al.  [48]  using  Ni-Cr-B  and  Co-Cr-B  catalyst 
for  hydrogenation  of  2-ethylanthraquinone  and  nitriles,  respec¬ 
tively.  In  order  to  demonstrate  that  Mo4+  species  in  Co-Mo-Pd-B 
catalyst  have  similar  promoting  effect,  two  types  of  hydride  solu¬ 
tion  (0.15  M)  were  prepared:  (1)  NaBH4  solution  stabilized  with 
NaOFI  (5  wt.%)  (designated  as  solution  A)  and  (2)  NaBH4  solution 
without  NaOH  (designated  as  solution  B).  Fig.  8  reports  hydrogen 
generation  rate  obtained  by  hydrolysis  of  solutions  A  and  B  using 
Co-Mo-Pd-B  (xmo  =  17%,  Xpd  =  5%)  and  Co-B  catalyst  powders. 
Anterior  researches  [15]  have  shown  that  no  significant  change  in 
H2  generation  rate  was  observed  through  the  hydrolysis  process  of 
alkaline  and  non-alkaline  NaBFl4  in  the  presence  of  Co-B  catalyst 


Time(s) 


Fig.  9.  Hydrogen  generated  volume  as  a  function  of  reaction  time  with  Co-Mo-Pd-B 
(Xmo  =  17%,  xpd  =  3%)  catalyst  obtained  by  hydrolysis  of  alkaline  NaBH4  (0.150  M) 
solution  with  six  different  concentrations  of  NaOH  ranging  from  1  to  7  wt.%. 

powder.  However,  the  H2  generation  rate  obtained  by  hydrolysis 
of  NaBH4  in  the  presence  of  Co-Mo-Pd-B  for  solution  A  was  much 
higher  than  that  of  solution  B,  as  show  in  Fig.  8.  The  Rmax  value  mea¬ 
sured  with  the  Co-Mo-Pd-B  catalyst  by  hydrolysis  of  solutions  A 
and  B  is  7  and  4  times  higher  than  that  obtained  with  the  Co-B 
catalyst,  respectively.  This  result  proves  that  during  the  hydroly¬ 
sis  reaction  in  alkaline  condition,  Mo4+  species  acting  as  Lewis  acid 
sites  are  able  to  absorb  the  OH-  group  and  catalyze  the  reaction 
between  OH-  and  boron  species  (BH3_,  BH2(OH)-,  and  BH(OH)2-). 
This  promoting  effect  contributes  to  the  overall  catalytic  reaction. 

Fig.  9  represents  the  effect  of  the  pH  of  the  reaction  solution  on 
hydrolysis  reaction  rate  of  NaBH4.  The  process  was  performed  by 
measuring  the  volume  of  the  generated  H2  from  hydrolysis  of  alka¬ 
line  NaBH4  by  using  seven  different  NaOH  concentrations  from  1  to 
7  wt.%  in  the  starting  solution.  The  result  shows  that  there  is  only 
a  very  slight  change  in  the  hydrogen  generation  rate  (ftmax)  with 
the  increase  of  NaOH  content,  which  indicates  the  zero  order  reac¬ 
tion  with  respect  to  NaOH  concentration.  The  result  also  implies 


Fig.  8.  Hydrogen  generated  rate  as  a  function  of  reaction  time  obtained  by  hydrolysis  of  alkaline  and  non-alkaline  NaBH4  solution  using  Co-Mo-Pd-B  (/Mo  =  17%,  Xp<i  =  5%) 
catalyst  powders. 
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that  the  Co-Mo-Pd-B  catalyst  is  promising  for  applications  in  the 
industrial  production,  because  the  hydrolysis  reaction  process  with 
the  Co-Mo-Pd-B  catalyst  does  not  require  strict  controlling  for  the 
concentration  of  NaOH. 

4.  Conclusions 

In  summary,  the  catalytic  activity  of  Co-Mo-Pd-B  powder  on 
hydrogen  production  by  hydrolysis  of  alkaline  NaBH4  solution 
was  studied.  The  rate  of  hydrogen  production  depends  on  the 
Xmo  =  Mo/(Mo  +  Co)  parameter  and  the  maximum  value  of  the  rate 
is  observed  when  /Mo  =  1 7%.  The  catalytic  activity  is  twice  as  much 
as  Co-Pd-B  catalyst  at  a  xMo  of  17%,  and  about  7  times  higher 
than  that  of  the  pure  Co-B  catalyst.  Characterization  results  show 
that  this  superior  catalytic  activity  is  related  to  the  formation  of 
molybdenum  oxide  on  the  catalyst  surface,  which  avoids  agglom¬ 
eration  of  the  Co-Pd-B  particles  and  thus  increases  the  final  active 
surface  area  of  the  Co-Mo-Pd-B  powder  catalyst.  The  promoting 
effect  of  Mo  in  the  Co-Mo-Pd-B  catalyst  results  in  lower  acti¬ 
vation  energy  for  hydrogen  production,  which  is  36.36  kj  mol-1 
compared  to  64.87  kj  mol-1  of  pure  Co-B.  The  favorable  activation 
energy  value  obtained  in  the  present  work  is  attributed  to  both  the 
high  surface  areas  and  the  synergetic  effects  of  Co,  Mo,  and  B  in 
Co-Mo-Pd-B  catalyst. 
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